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SUMMARY

How organisms cope with coldness and high pressure in the hadal zone remains
poorly understood. Here, we sequenced and assembled the genome of hadal
sea cucumber Paelopatides sp. Yap with high quality and explored its potential
mechanisms for deep-sea adaptation. First, the expansion of ACOX1 for rate-
limiting enzyme in the DHA synthesis pathway, increased DHA content in the
phospholipid bilayer, and positive selection of EPT1may maintain cell membrane
fluidity. Second, three genes for translation initiation factors and two for ribo-
somal proteins underwent expansion, and three ribosomal protein genes were
positively selected, whichmay ameliorate the protein synthesis inhibition or ribo-
some dissociation in the hadal zone. Third, expansion and positive selection of
genes associated with stalled replication fork recovery and DNA repair suggest
improvements in DNA protection. This is the first genome sequence of a hadal
invertebrate. Our results provide insights into the genetic adaptations used by
invertebrate in deep oceans.

INTRODUCTION

The hadal zone lies at the bottom of the deepest oceanic trenches at depths of 6,000-11,000 m. This deep-

sea environment is characterized by food shortage, darkness, hypoxia, low temperature, and high hydro-

static pressure.1 Hydrostatic pressure, which increases by approximately one atmosphere for every 10 m

increment in-depth, strongly constrains the vertical distribution of marine organisms. The effects of high

hydrostatic pressure on cell physiology are pleiotropic and primarily include reduction in cell membrane

fluidity,2,3 inhibition of protein synthesis,4,5 and replication fork stalling and DNA damage.6–9 Low temper-

ature has similar inhibitory effects on cell membrane fluidity10 and protein synthesis.11,12 Nevertheless,

many diverse groups of organisms survive and thrive in the hadal zone.1,13,14 However, the adaptive mech-

anisms of these organisms for the hadal environment were poorly understood. Recently, two genomes of

the hadal snailfish from theMariana Trench and Yap Trench were reported, and pressure-tolerant cartilage,

enhanced cell membrane fluidity and transport protein activity, increased protein stability and DNA repair

have been suggested to be associated with hadal adaption,15,16 which provided paradigms for genetic

adaptation to the hadal environment. Nevertheless, due to a lack of genomic data for hadal species, it

remains largely unclear how these organisms cope with their hostile hadal environment.

The Yap Trench lies in the western Pacific Ocean and neighbors theMariana Trench. In June 2017, three sea

cucumbers were collected in the Yap Trench using the Jiaolong Manned Submarine at depths of 5,090 m,

6,429 m, and 6,633 m and at 1.49-1.71�C (Figure 1A and Table S1). These specimens were preliminarily

designated "Yap hadal sea cucumbers" (YHSCs). In this study, we sequenced and characterized the

genome of a YHSC collected at 6,633 m. We then explored the strategies employed by YHSCs for

deep-sea adaption.
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RESULTS AND DISCUSSIONS

Yap hadal sea cucumbers genome characteristics

In this study, approximately 209.1 Gb Illumina clean reads were produced from genome sequencing and

used to estimate the genomic characteristics. The estimated size is 3.54 Gb with a repeat content of

73.93% and a heterozygosity rate of 2.9% (Figure S1, and Table S2). Then, PacBio sequencing generated

490.9 Gb subreads (Table S3), with a depth of 1333. These subreads were assembled into 59,054 contigs,
iScience 25, 105545, December 22, 2022 ª 2022 The Author(s).
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Figure 1. YHSC capture locations, phylogenetic position, and morphology

(A) Location of the Yap Trench (left) and the sampling points ( ) on a bathymetric map (right). YAP: Yap Trench; CIR: Caroline Islands Ridge; ST: Sorol Trough;

WCR: West Caroline Rise; and PT: Palau Trench.

(B) Bayesian inference tree based on three concatenated nuclear genes: 18S rRNA, 28S rRNA, andH3. The numbers at nodes represent the bootstrap scores.

(C) Gross morphology of YHSC.
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of which 2740 were identified as redundant sequences and excluded. GC depth scatterplots were used to

evaluate the contamination in the sequencing data. No interruptions were detected along the horizontal

axis of the GC-depth scatterplot, indicating no obvious sample contamination (Figure S2). Nevertheless,

876 contigs were identified as bacterial contamination and were ruled out (Table S4). The final genome con-

sists of 55,447 contigs with a total size of 3.70 Gb and an N50 of 137.1 kb (Table S5). The small gap between

the estimated size and final size can result from low estimation accuracy, considering the serious effects of

repeats and high heterozygosity on the accuracy of genome size estimation.17,18 Additionally, it took more

than 3 h for the submarine to bring the specimens from the sampling site to the mothership, during which

the specimens suffered a high level of DNA damage. The peak size of the DNA sample is only 15,860 bp and

the DNA integrity number (DIN) is 6.7 (Figure S3). The DNA damage is mainly caused by rapid and pro-

longed decompression stress during specimen collection as previously indicated,7 which prevented us

from further assembling the contigs into scaffolds by conducting Hi-C,19 Chicago20 or Bionano.21 Read

mapping rate is an important metric assessing the completeness of assembly.22,23 In this study, approxi-

mately 99.11% of the Illumina reads were successfully mapped to the polished contigs, reflecting the

completeness of the YHSC genome assembly (Table S6). We identified 89.4% complete benchmarking uni-

versal single-copy orthologs (BUSCOs) in the genome assembly (Table S7), again reflecting high genome

integrity. In addition, 57,522 genes were successfully annotated using a combination of homology-based

predictions, ab initio gene prediction, and transcript evidence in YHSC (Table S8).
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Phylogenetic position and evolutionary history of the Yap hadal sea cucumbers

Blastn searches against the NCBI nt database indicated that the nucleic acid sequences of two mitochon-

drial genes—16S rRNA gene (16S rRNA) and cytochrome oxidase subunit I (COI), and three nuclear

genes—18S rRNA gene (18S rRNA), 28S rRNA gene (28S rRNA) and histone H3 (H3) from the YHSC were

most similar to the corresponding genes from the deep-sea holothurian Paelopatides sp. 1.24 Multigene

phylogenies of the extant Holothuroidea based on the three nuclear genes or the two mitochondrial genes

(Table S9) showed that the YHSC formed a clade with Paelopatides sp. 1 and Paelopatides sp. 2, suggest-

ing that the YHSC may fall into this genus (Figures 1B, S4A-S4B). To test this possibility, we calculated the

genetic divergence between the YHSC and seven closely related species in Paelopatides, Bathyplotes, and

Apostichopus based on the COI barcoding gene (Table S10). Across all seven comparisons, only the ge-

netic distance between the YHSC and Paelopatides sp. 1 (1.05) and the genetic distance between the

YHSC and Paelopatides sp. 2 (11.87) were within the range typical of congeneric divergences in Holothur-

oidea (2.16-17.02; mean: 12.41).25 Thus, we hypothesize that the YHSC falls into the Paelopatides rather

than the Bathyplotes or Apostichopus. In all phylogenies, Paelopatides, Bathyplotes, and Apostichopus

formed a clade corresponding to Stichopodidae (Figures 1B, S4A-S4B), consistent with the transfer of Pae-

lopatides and Bathyplotes to Stichopodidae in the recent revision.24 However, it should be noted that the

assignment of the YHSC to Paelopatides within Stichopodidae remains tentative. For one thing, the mo-

lecular data of many other genera in Stichopodidae except for those mentioned above is still lacking;

for another, the monophyly of Paelopatides has not been confirmed, and the morphology of Paelopatides

sp. 1, Paelopatides sp. 2, and YHSC has not been checked.

In appearance, the YHSC is sub-cylindrical. Except for a small area at one end, the whole body of YHSC is

translucent white (Figure 1C and Video S1). Dated phylogenetic trees of Holothuroidea based on different

calibration points are highly incongruent.24 However, the two possible divergence times between Aposti-

chopus and Paelopatides have been estimated to be 74 or 91 million years ago (Ma),24 which substantially

predated the formation of the Yap Trench (40 Ma).26–29 This suggested that the YHSC diverged from Apos-

tichopus japonicus before colonizing the hadal zone.

Inference of whole genome duplication

In the consideration of the high gene number in the YHSC genome, whole genome duplications (WGDs)

were inferred from Ks age distribution. The whole paranome Ks distributions for both A. japonicus and

YHSC are typically L-shaped until at least the Ks peak of their orthologs (Figure S5), indicating that

YHSC didn’t experience anyWGDs after its differentiation withA. japonicus according to previous interpre-

tation.30,31 Thus, YHSC should be diploid, given that A. japonicus has a diploid genome.32,33

Comparative genomics

We used CAFÉ (4.2)34,35 to characterize the expansion and contraction of gene families in the YHSC

genome compared with six other invertebrate genomes:Drosophila melanogaster, Saccoglossus kowalev-

skii, Strongylocentrotus purpuratus, A. japonicus, and two geographically separated populations of

Acanthaster planci (Okinawa, Japan, and the Great Barrier Reef, Australia).36 A total of 6030 and 2730

gene families are significantly expanded and contracted in the YHSC genome, respectively (Figure S6A).

Thus, the gain-to-loss ratio of gene families is 2.2 (6030/2730). Comparisons of pfam functional domains

among the seven invertebrate genomes suggested that the YHSC has the highest percentage of unique

domains (Figure S6B). We identified 173 expanded domains in the YHSC genome (Table S11). The cutoff

for expanded domains can be found in the quantification and statistical analysis section. These expanded

domains were associated with many important biological processes, including transposons, genetic infor-

mation processing, immunity, material transport, apoptosis, metabolism, and DNA binding (Figure S7).

Although it is routine that the identification and masking of repeats are performed before the gene predic-

tion, repeat identification tools available at present can not totally find and mask all the repeats.37 This is

exactly the case for the YHSC genome with a high proportion of repeats. In this study, 24 of the 173

expanded domains exist in transposon-encoded proteins (Table S11). Although this proportion is low,

the 24 expanded domains are involved in 9104 YHSC genes, accounting for 62.5% of the YHSC genes

that contain at least one of the 173 expanded domains (14,578). Thus, increased gene number in the

YHSC genome (57,522) compared with other echinoderm genomes (30,250 genes for A. japonicus,

24,743 genes for A. planci, 28,886 genes for S. purpuratus) mainly resulted from partial identification and

incomplete masking of transposons during gene identification.
iScience 25, 105545, December 22, 2022 3



Figure 2. The adaptive evolution of phospholipids in the cell membrane in the hadal environment

(A) Phylogenetic tree constructed by FastTree (version 2.1.11) using the Jones-Taylor-Thorton (JTT) model of amino acid evolution based on protein

sequences containing acyl-coenzyme A oxidase N-terminal (Acyl-CoA_ox_N) show that ACOX1 genes, encoding the rate-limiting enzyme in the DHA

synthesis pathway, expanded in the YHSC genome.
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Figure 2. Continued

(B) DHA synthesis pathway. The ACOX1 in red refers to expansion in the YHSC genome, while the ACAA1 in green, encoding another rate-limiting enzyme,

underwent expansion in the hadal snailfish P. swirei.16

(C) DHA content in phospholipids from A. japonicus and the YHSC. **, p < 0.01 (Student’s t test) Statistical details can be found in the quantification and

statistical analysis section.

(D) The production of phosphatidylethanolamine (one of the most abundant components of the cell membrane) catalyzed by EPT1. EPT1 is a gene that

experienced convergent evolution between the YHSC and P. swirei.

(E) Multiple sequence alignment of EPT1. Amino acids unique to the YHSC or P. swirei are indicated by arrows.
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Convergent sequence evolution between the Yap hadal sea cucumbers and Pseudoliparis

swirei

To determine whether convergent evolution occurs between YHSC and the hadal snailfish P. swirei,16 we iden-

tified and compared their positively selected genes (PSGs). Positive selection analysis using the site-branch

model in codeml identified 441 PSGs in the YHSC genome taking three closely related shallow-sea species

of Holothuroidea (Parastichopus parvimensis, Stichopus horrens, and A. japonicus) as background branches.

We also identified 397 PSGs in P. swirei using three shallow-sea fishes (Paralichthys olivaceus, Gasterosteus

aculeatus, and Liparis tanakae) as backgroundbranches. Six PSGswere shared by the YHSC and P. swirei: etha-

nolamine phosphotransferase 1 (EPT1), nucleoporin 43 (NUP43), sorting nexin-17 (SNX17), mitochondrial ribo-

somal protein S27 (MRPS27), alpha-1,3- mannosyltransferase (ALG3), and XPC complex subunit, DNAdamage

recognition and repair factor (XPC), which are involved in the synthesis of phosphoethanolamine38 (one of the

most abundant phospholipids in cellmembranes),mitosis and assembly of the nuclear pore complex,39 sorting

of low-density lipoprotein receptor-related protein 1,40 mitochondrial ribosome, protein glycosylation,41 and

DNA repair,42 respectively (Table S12). Due to the distant genetic relationships, no overlapping amino acid

sites in the six PSGs between YHSC and P. swirei were identified. Nevertheless, these six genes were also

considered to have experienced convergent positive selection since they evolved under selection in both or-

ganisms, even though their sequences have not converged at the amino acid level. Interestingly, most path-

ways or components in which these convergent genes are involved, such as cell membrane fluidity, mitosis,

ribosome, and DNA repair, are destroyed by high pressure and low temperature in the hadal zone.

Repeat expansion in the Yap hadal sea cucumbers genome

Compared with the genomes of A. japonicus, S. purpuratus, and A. planci, the YHSC genome is highly re-

petitive. Approximately 76.06% of the YHSC genome namely 2.82 Gb was repeats, far exceeding those of

the other echinoderm genomes (28.36-48.43%, 0.11-0.45Gb, Table S13). Thus, repeats drove the large-

scale genome expansions in YHSC. The main type of the increased repeats in the YHSC genome is

transposons, which occupies 58.82% of the YHSC genome, while the corresponding proportion is only

24.43-29.53% for other echinoderm genomes (Table S13). Except DNA transposon, the relative abun-

dances of retroelements, rolling circles and unclassified types in the YHSC genome (16.19%, 2.13 and

38.49%, respectively) are far beyond those of the other genomes (2.93%-5.61%, 0-0.07%, and 14.82-

24.15% respectively; Table S13). Among the retroelements identified, the most striking difference between

YHSC and the other genomes was the proportion of Gypsy/DIRS1: which accounts for 7.90% of the YHSC

genome, a percentage over ten times that of the other genomes (0.30-0.69%; Table S13). Additionally,

other retroelements including Penelope, L2/CR1/Rex, RTE/Bov-B, and Retroviral also showed an expan-

sion in the YHSC genome (Table S13). Although the significance of transposable elements in deep-sea

adaptation is unknown, transposable elements are considered powerful drivers of genome evolution

and phenotypic diversity by introducing genetic changes of great magnitude and variety.43

The expansion of the ACOX1 gene for rate-limiting enzyme in the DHA synthesis pathway,

the corresponding increase in DHA levels in phospholipids in the Yap hadal sea cucumbers,

and the positive selection of the EPT1 gene increased cell membrane fluidity

Fluidity is a fundamental feature of cell membranes and is vital for the execution of various physiological

functions. However, both high hydrostatic pressure and low temperature, which are characteristic of the

hadal zone, decrease biomembrane fluidity and the ease of phase transitions.44,45 Double bonds in the

fatty acid hydrocarbon chain, which constitute the hydrophobic tails of the phospholipid bilayer, can dis-

order the lipid bilayer and lower the phase-transition temperature.3 (4Z,7Z,10Z,13Z,16Z,19Z)-docosa-

4,7,10,13,16,19-hexaenoic acid (DHA, C22:6) has six double bonds and thus can drastically increase cell

membrane fluidity.46 In the YHSC genome, acyl-CoA oxidase 1 (ACOX1), a gene encoding rate-limiting en-

zymes in the DHA synthesis pathway was expanded (Figure 2A). The ACOX1 participates in the first step of
iScience 25, 105545, December 22, 2022 5



Figure 3. Adaptive changes in translation initiation factors and ribosomal proteins to combat protein synthesis inhibition induced by high pressure

and low temperature in the hadal zone

(A–C) Phylogenetic trees showing the expansion of genes for the translation initiation factors eIF4G1, eIF2Bd, and eIF5A in the YHSC genome.

(D) Model of the translation initiation pathways.57–60 Expanded genes are marked in red. (1) eIF2B promotes the exchange of GDP-GTP on eIF2, a rate-

limiting step of translation initiation. Then, eIF2-GTP forms a ternary complex (eIF2-GTP-Met-tRNAi
Met) together with initiator tRNA (Met-tRNAi

Met). (2) The

ternary complex was recruited to 40S subunits to form 43S complexes with other factors. (3) The eIF4F complex, consisting of eIF4E, eIF4A, and eIF4G1,

bound to mRNA and mediated the unwinding of the mRNA cap-proximal region with the help of eIF4B, and mRNA was activated. (4) 43S complex attached
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Figure 3. Continued

to the activated mRNA and scans the 50UTR of mRNA to the initiation codon - AUG. (5) eIF5B-mediated ribosomal subunits joining and displacement of

translation initiation factors. (6) eEF1A carries aminoacyl-tRNA to the A site of the ribosome.61 (7) eIF5A mediated the formation of the first peptide

bond.59,62

(E and F) Phylogenetic trees based on protein sequences containing domains of Ribosomal_S5 (E), and Ribosomal_L4 (F) show the expansion of RPS2 and

MRPL4 genes in the YHSC genome.

(G) Alignment of the amino acid sequence of MRPS27. MRPS27 is a gene that experienced convergent positive selection between the YHSC and P. swirei.

Amino acids unique to the YHSC or P. swirei are indicated by arrows.
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b-oxidation in peroxisomes and functions by introducing a trans double bond into acyl chains47,48 (Fig-

ure 2B). We identified seven copies of the ACOX1 gene in the YHSC genome and no more than four copies

in any of the other genomes examined (Figure 2A). Interestingly, the acetyl-CoA acyltransferase 1 (ACAA1)

gene, encoding another rate-limiting enzyme and mediating the last step of DHA synthesis (Figure 2B),

expanded in hadal P. swirei.16 The expansion of the ACOX1 gene in the YHSC genome and the ACAA1

gene in hadal P. swirei may accelerate DHA synthesis to counteract the reduction in membrane fluidity

associated with the high hydrostatic pressure and low temperature in the hadal zone, and strengthened

DHA synthesis represents convergent evolution in the hadal YHSC and P. swirei.

We analyzed and compared the composition of fatty acids (C6-C24) in the phospholipid bilayer of the YHSC

and A. japonicus and found that the relative abundances of four fatty acids differed significantly between

the two species: tetradecanoic acid (C14:0), hexadecanoic acid (C16:0), heptadecanoic acid (C17:0), and

DHA (Table S14). The fatty acid that differed most substantially between the two species was DHA; DHA

content in the YHSC was approximately 7.3 times greater than that in A. japonicus (Figure 2C). This was

consistent with the expansion of the ACOX1 gene that encodes the rate-limiting enzyme in the DHA syn-

thesis pathway in the YHSC genome. This suggested that over evolutionary time, the ACOX1 gene encod-

ing the rate-limiting enzyme in the DHA synthesis pathwaymultiplied in the YHSC genome, increasing DHA

content in the phospholipid bilayer to maintain cell membrane fluidity under low temperature and high

hydrostatic pressure.

Phospholipids alter membrane fluidity not only via their hydrophobic tails but also via their hydrophilic

heads. Phosphatidylethanolamine, which constitutes over half of the total phospholipids in eukaryotic

cell membranes38 together with phosphatidylcholine, tends to reduce membrane fluidity due to several

characteristics of their head group.49 In this study, we found that EPT1, encoding an enzyme that catalyzes

the production of phosphatidylethanolamine38,50 (Figure 2D), underwent convergent positive selection in

the hadal-living YHSC and P. swirei (Table S12). Furthermore, many amino acids unique to the YHSC or

P. swirei were identified (Figure 2E), which suggested that accelerated mutation in the amino acid

sequence of EPT1 may be essential to hadal adaptation.

Expansion and positive selection of genes encoding translation initiation factors and

ribosomal proteins in the Yap hadal sea cucumbers improved resistance to protein synthesis

inhibition

Protein synthesis is the most pressure-sensitive biological process.4 In prokaryotic organisms, the

maximum hydrostatic pressure at which organisms can grow is limited by protein synthesis inhibition.51

The step that is most inhibited by hydrostatic pressure in protein synthesis is the binding of aminoacyl-

tRNA to the ribosome-mRNA complex; this process requires a large increase in volume, which is prevented

by high pressure.4,52,53 High pressure may also lead to ribosome dissociation and further protein synthesis

inhibition.54–56 Protein synthesis inhibition is also aggravated by low temperature.11,12 Thus, the expansion

of genes that promote protein synthesis, bind aminoacyl-tRNA to ribosomes, and maintain the structural

integrity of the ribosome may reduce protein synthesis inhibition.

Protein synthesis is mainly regulated at the initiation stage rather than during elongation and termination.57

At least four gene families, in which the YHSC has more members than other species analyzed were

involved in the initiation pathway: eIF4-gamma/eIF5/eIF2-epsilon (W2), middle domain of eukaryotic initi-

ation factor 4G (MIF4G), eukaryotic elongation factor 5A hypusine DNA-binding OB fold (eIF-5A), initiation

factor 2 subunit family (IF-2B) (Figure S8). Phylogenetic trees of these gene families identified three

expanded genes for translation initiation factors in the YHSC (expansion of both W2 and MIF4G is caused

by increased copies of the eIF4G1): eukaryotic initiation factor 4 gamma 1 (eIF4G1), eIF2B d subunit (eIF2Bd)

and eIF5A (Figures 3A-3C). eIF4G1 encodes a ‘‘scaffold’’ protein that can promote translation initiation by
iScience 25, 105545, December 22, 2022 7



Figure 4. Enhanced DNA protection ability of the YHSC for hadal adaptation

Genes in red and blue underwent the expansion and positive selection in the YHSC, while genes in green and yellow refer to expanded and positively

selected genes in P. swirei.

(A–C) Mechanisms for restoring stalled and collapsed replication forks.72,73 Upon encountering obstacles, the replication fork stalled, and the ssDNA is

generated and covered by replication protein A (RPA) to avoid secondary structure formation. The stalled fork can be rescued through the fork recovery

pathway by activating the downstream effector CHK172 (A) or REV1-mediated translesion synthesis74,75 (B). If the fork is not properly restarted, the replication
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Figure 4. Continued

fork collapses, one-ended double-strand breaks are induced76 and the fork is repaired by homologous recombination72 (C). (A) In the fork recovery

pathway, the ssDNA-RPA complex recruits some proteins.72,77 Meanwhile, BRCA2 catalyzes the formation and stabilization of RAD51-ssDNA filaments,

which protects nascent DNA from MRE11-mediated nucleolytic degradation.69,78 Then, CHK1 is activated with the help of G2E3,79 and the replication

fork restarts after obstacle removal.69,71 (B) In the translesion synthesis pathway, RAD18 and RAD6 interact with the ssDNA-RPA complex and then

ubiquitinate proliferating cell nuclear antigen (PCNA).80 REV1, which possesses a high affinity for ubiquitinated PCNA, is recruited to lesions and

mediates translesion synthesis by interacting with Polz and one of the three Y-family polymerases (Poli, Polh, and Polk), and selecting the polymerases

required for translesion synthesis.75,81 (C) In the homologous recombination pathway, the RAD51 filament facilitates strand invasion and homologous

recombination after binding with RAD51AP1.72

(D) Phylogeny based on proteins containing the BRCA2 repeat domain (BRCA2) showed expansion of BRCA2 in the YHSC genome.

(E) A gene tree of G2E3 constructed by Orthofinder (version 2.3.8).

(F) Phylogenetic tree based on protein sequences containing DEAD/DEAH box helicases (DEAD). RecQ family labeled with an arc was not further

subdivided, as different members could not be distinguished from each other. Nevertheless, 49 genes from the YHSCwere annotated asWRN, far more than

those from other species.

(G) Phylogeny built with proteins containing the impB/mucB/samB family C-terminal domain (IMS_C) showing the expansion of the REV1 gene.

(H) Nucleotide excision repair pathway. In the presence of DNA lesions, XPC or RNA Pol II loads TFIIH onto DNA, which is promoted by XPA. Upon detection

of a bulky lesion, XPF-ERCC1 and XPG make dual incisions.42

(I) Multiple sequence alignment of XPC. XPC underwent convergent positive selection in the hadal YHSC and P. swirei. Amino acids unique to the YHSC or

P. swirei are indicated by arrows.
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binding proteins, including eIF4E, eIF4A, eIF3, and poly(A)-binding protein (PABP)57,58,63 (Figure 3D). A to-

tal of 17 copies of eIF4G1 were identified in the YHSC genome; in contrast, no more than three copies were

identified in any other genome examined (Figure 3A). In deep-sea fish, eIF4G is positively selected,9 indi-

cating that eIF4G is involved in deep-sea adaptation. The eIF2Bd gene encodes a subunit of eIF2B, which

catalyzes the formation of eIF2$GTP, a rate-limiting step of translation initiation64,65 (Figure 3D). RNAi inac-

tivation of eIF2Bd decreased global protein synthesis.65 Four copies of eIF2Bd were found in the YHSC

genome, while at most two copies were found in the other genomes examined (Figure 3B). The eIF5A

gene, previously considered a translation initiation factor, is implicated in the elongation step of protein

synthesis and mediates the formation of the first peptide bond59,62 (Figure 3D). Indeed, the eIF5A protein

can increase protein synthesis by 2- to 3-fold in Saccharomyces cerevisiae.59 We identified seven copies of

eIF5A in the YHSC genome but at most two copies in any other genome examined (Figure 3C). Thus, the

expansion of these genes in the translation initiation pathway may increase the synthesis of proteins and

reduce protein synthesis inhibition under high pressure and low temperature.

Ribosomal proteins are the major components of ribosomes and function mainly by maintaining ribosome

integrity or promoting protein synthesis. In this study, two ribosomal protein genes (RPS2 and MRPL4) un-

derwent expansion, and three mitochondrial ribosomal protein genes (MRPS27, MRPS30, and MRPS35)

were positively selected. RPS2, a component of the 40S subunit, mediates the binding of aminoacyl-trans-

fer RNA to the ribosome,66 a process that is strongly inhibited by high hydrostatic pressure.53 The YHSC

genome harbored 10 copies of the RPS2 gene, which far exceeded the number of copies in any other

genome examined (maximum 2; Figure 3E). MRPL4 maintains the structural integrity of the ribosome

and participates in mitochondrial protein translation.67 There were four copies of the MRPL4 in the

YHSC genome but only one in each of the other genomes examined (Figure 3F). MRPS27, as a small subunit

of mitochondrial ribosomes, is required for protein synthesis in mitochondria, and knockdown of MRPS27

lowered mitochondrial translation.68 Interestingly, the MRPS27 was subject to convergent positive selec-

tion in the hadal YHSC and P. swirei (Table S12), and many amino acids unique to the YHSC or P. swirei

were identified (Figure 3G), which is suggestive of its important role in hadal adaptation. Thus, the expan-

sion or positive selection of genes for these translation initiation factors and ribosomal proteins may

ameliorate protein synthesis inhibition in the hadal zone by increasing protein synthesis, promoting the

binding of aminoacyl-tRNA to ribosomes, or improving ribosomal stability.

Yap hadal sea cucumbers exhibited enhanced DNA protection abilities for high-pressure

adaptation

Replication forks frequently encounter obstacles, which often lead to fork stalling even under normal con-

ditions.69,70 Two major strategies are used by cells to rescue stalled forks71: replication fork recovery, which

involves fork protection, checkpoint activation, removal of replication impediments, and fork resump-

tion69,72 (Figure 4A), and REV1-mediated translesion synthesis, which uses error-prone translesion-synthe-

sis DNA polymerases to conduct the replication process74,82 (Figure 4B). When stalled replication forks

collapse, producing one-ended double-strand DNA breaks, the collapsed forks are repaired using
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homologous recombination72 (Figure 4C). However, DNA synthesis can be interrupted by high hydrostatic

pressure, and the resumption of stalled or collapsed replication forks is also a pressure-sensitive pro-

cess.4,8,83 Here, we identified expansions in four genes associated with recovery of stalled replication forks

in the YHSC genome, including Breast cancer type 2 (BRCA2), Werner syndrome protein (WRN), G2/M-

phase-specific E3 ubiquitin protein ligase (G2E3) and REV1. BRCA2 functions in the fork recovery pathway

and homologous recombination repair pathway bymediating the assembly of RAD51 onto ssDNA (forming

RAD51 filaments) and stabilizing RAD51 filaments84–86 (Figures 4A and 4C). In the fork recovery pathway,

the RAD51 filaments protect nascent DNA at stalled replication forks from MRE11-mediated nucleolytic

degradation69,86–88 (Figure 4A). During homologous recombination repair, RAD51 filaments promote

the invasion and exchange of homologous DNA with the help of RAD51-associated protein 1

(RAD51AP1)85,89,90 (Figure 4C). There were eight copies of BRCA2 in the YHSC genome but two at most

in any other genome examined (Figure 4D). Furthermore, the RAD51AP1 was positively selected in the

YHSC (Table S15). Interestingly, the genome of a hadal snailfish captured from Yap Trench has more copies

of RAD51 than other teleost genomes analyzed,15 indicating that the enhanced formation of RAD51 fila-

ments mediated by BRCA2may be essential for hadal adaptation. G2E3, the expression of which is induced

by DNA damage, participates in replication fork recovery by activating checkpoint kinase 1 (CHK1) ki-

nase79,91,92 (Figure 4A). We identified 20 copies of G2E3 in the YHSC genome, compared with three at

most in all other genomes examined (Figure 4E). WRN, a member of the RecQ family, is a checkpoint pro-

tein in the replication fork recovery and double-strand DNA break repair pathway with ATP-dependent

30-50 DNA helicase activity72,77,93 (Figures 4A and 4C). Far more copies of WRN were identified in the

YHSC genome than in any other genome examined (Figure 4F). Finally, REV1, as a scaffold protein, medi-

ates translesion synthesis by interacting with other translesion synthesis DNA polymerases and selecting

the polymerases required for translesion synthesis75 (Figure 4B). In addition, REV1 also participates in trans-

lesion synthesis by employing its dCMP transferase activity, which inserts a dCMP opposite a lesion.94 The

YHSC genome has 9 copies of REV1, at least four more than in any other genome examined (Figure 4G). The

expansion of genes involved in rescuing stalled or damaged replication forks may provide a solution for

DNA synthesis in the hadal zone.

High hydrostatic pressure also leads to DNA damage.4,6,9 In the YHSC genome, another conspicuous

change occurred in the genes in the nucleotide excision repair pathway (Figure 4H). Three genes at least

were subjected to positive selection in this pathway: XPC, TFIIH basal transcription factor complex p52 sub-

unit (p52), and excision repair cross-complementation Group 1 (ERCC1). XPC recognizes sites of DNA dam-

age and initiates nucleotide excision repair (NER)42,95 (Figure 4H). In this study, the XPC experienced

convergent positive selection in the hadal YHSC and P. swirei (Table S12), and many YHSC- or P. swirei-spe-

cific amino acid substitutions were found (Figure 4I), which is suggestive of its important role in hadal adap-

tation. p52 and ercc1 promote the unwinding of DNA around a lesion and excise lesion-containing DNA

fragments (Figure 4H). Thus, the expansion and positive selection of genes in replication fork recovery

and the nucleotide excision repair pathway may protect DNA from damage exerted by the high pressure

in the hadal zone.
Limitations of the study

In this study, we have tried to collect as many echinoderm genomes as possible for comparative analyses.

However, only quite a few genomes are available at present. Such, our analyses are limited to the available

genomic data, and this situation may be improved accompanying the increased publication of echinoderm

genomes.
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Biological samples

Paelopatides sp. Yap This manuscript D149; D150; D152

Apostichopus japonicus This manuscript N/A

Chemicals, peptides, and recombinant proteins

TRIzol Invitrogen Cat#15596026

Critical commercial assays

QIAamp DNA Mini Kit Qiagen Cat#51306

NEB Next� Ultra DNA Library Prep Kit NEB Cat#E7370L

SMRTbell Template Prep Kit 1.0 Pacific Biosciences Cat#100-259-100

NEBNext Ultra RNA NEB Cat#E7770

Deposited data

Raw sequence data of Paelopatides sp. Yap This manuscript GSA: CRA003479

Assembled genome and annotation file of

Paelopatides sp. Yap

This manuscript Mendeley Data: https://doi.org/10.17632/6gn4kf77zm.1

Apostichopus japonicus reference genome Zhang et al.33 http://www.genedatabase.cn/DownLoad_Haishen_20161129.html

Strongylocentrotus purpuratus reference genome Ensembl http://ftp.ensemblgenomes.org/pub/release-47/metazoa/fasta/

strongylocentrotus_purpuratus/

Acanthaster planci (Okinawa, Japan) reference

genome

Hall et al.36 https://marinegenomics.oist.jp/cots/viewer/download?project_id=46

Acanthaster planci (the Great Barrier Reef,

Australia) reference genome

Hall et al.36 https://marinegenomics.oist.jp/cots/viewer/download?project_id=46

Saccoglossus kowalevskii reference genome NCBI https://www.ncbi.nlm.nih.gov/genome/?term=Saccoglossus+

kowalevskii

Drosophila melanogaster reference genome Flybase http://ftp.flybase.net/genomes/Drosophila_melanogaster/

dmel_r6.34_FB2020_03/fasta/

Genome and annotation file of Pseudoliparis swirei Wang et al.16 https://figshare.com/articles/dataset/Genome_assembly_of_

Mariana_hadal_snailfish/9782414

Genome and annotation file of Liparis tanakae Wang et al.16 https://figshare.com/articles/dataset/Genome_assembly_of_

Mariana_hadal_snailfish/9782414

Genome and annotation file of Paralichthys

olivaceus

NCBI https://www.ncbi.nlm.nih.gov/genome/?term=txid8255[orgn]

Genome and annotation file of Gasterosteus

aculeatus

Ensemble http://ftp.ensembl.org/pub/release-104/fasta/gasterosteus_

aculeatus/

Holothuria leucospilota NCBI DRR023763

Parastichopus californicus NCBI SRR1695477

Stichopus chloronotus NCBI SRR2846098

Synallactes chuni NCBI SRR2895367

Parastichopus parvimensis NCBI SRR2484238

Stichopus horrens NCBI SRR11535195

Software and algorithms

diamond (version 2.0.14) Buchfink et al.96 https://github.com/bbuchfink/diamond

trimmomatic (version 0.36) Bolger et al.97 https://anaconda.org/bioconda/trimmomatic
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GenomeScope (version 1.0) Vurture et al.98 http://qb.cshl.edu/genomescope/

Generic Mapping Tools (version 6.0) Wessel and Smith99 https://www.generic-mapping-tools.org/download/

Khaper Zhang et al.100 https://github.com/lardo/khaper

Canu (version 1.7) Koren et al.101 https://anaconda.org/bioconda/canu/files?sort=length&

version=1.7&sort_order=asc&page=0

GETA (version 1.0) Li et al.102 https://github.com/chenlianfu/geta

wtdbg2 (version 1.0) Ruan and Li103 https://github.com/ruanjue/wtdbg2

bwa-mem (version 0.7.17) Li104 https://github.com/lh3/bwa

bwa-mem2 Vasimuddin et al.105 https://github.com/bwa-mem2/bwa-mem2

Pilon (version 1.22) Walker et al.106 https://github.com/broadinstitute/pilon/releases/

samtools (version 1.12) Li et al.107 https://github.com/samtools/samtools

eggno-emapper (version 0.12.7) Huerta-Cepas et al.108 https://github.com/eggnogdb/eggnog-mapper/releases?page=2

Blast (version 2.6.0) Camacho et al.109 https://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/2.6.0/

KASS (version 2.1) Moriya et al.110 https://www.genome.jp/kaas-bin/kaas_main

Phylosuite (version 1.2.1) Zhang et al.111 https://github.com/dongzhang0725/PhyloSuite/releases

mafft (version 7.453) Katoh and Standley112 https://github.com/bioinformatics-polito/LaRA2-mafft

mega (version 7.0) Kumar et al.113 https://www.megasoftware.net/

wgd (version 1.1) Zwaenepoel and

Van de Peer31
https://github.com/arzwa/wgd/releases

pfam (version 31.0) Finn et al.114 http://ftp.ebi.ac.uk/pub/databases/Pfam/releases/Pfam31.0/

FastTree (2.1.11) Price et al.115 https://github.com/PavelTorgashov/FastTree

CAFE (version 4.2) Bie et al.34 https://github.com/hahnlab/CAFE/releases

OrthoFinder (version 2.3.8) Emms and Kelly116 https://bioweb.pasteur.fr/packages/pack@OrthoFinder@2.3.8

PAML package (version 4.9) dos Reis and Yang117 https://anaconda.org/bioconda/paml

Trinity (version 2.1.1) Grabherr et al.118 https://github.com/trinityrnaseq/trinityrnaseq

Fastp (version 0.20.1) Chen et al.119 https://github.com/OpenGene/fastp

RSEM (version 1.3.1) Li and Dewey120 https://anaconda.org/bioconda/rsem/files?sort=

ndownloads&sort_order=desc&version=1.3.1

CD-HIT-EST (version 4.8.1) Li and Godzik121 https://github.com/weizhongli/cdhit/releases

BUSCO (version 5.3.0) Simão et al.122 https://github.com/WenchaoLin/BUSCO-Mod

Trans-Decoder (version 5.5.0) Haas et al.123 https://anaconda.org/bioconda/transdecoder/files

CallCodeml Github https://github.com/byemaxx/callCodeml

RepeatModeler (version 2.0.1) Smit and Hubley124 https://github.com/Dfam-consortium/RepeatModeler/

blob/master/RepeatModeler

RepeatMasker (version 4.0.9) Smit et al.125 https://github.com/rmhubley/RepeatMasker

Tandem Repeats Finder (version 4.09) Benson126 https://tandem.bu.edu/trf/trf.download.html

GraphPad Prism (version 5.0) GraphPad Software,

San Diego

https://graphpad-prism.software.informer.com/5.0/

Other

Codes, bioinformatic program commands,

and key intermediate files

This manuscript Dryad: https://doi.org/10.17632/6gn4kf77zm.1
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Xinhua Chen (chenxinhua@tio.org.cn).
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Materials availability

This study did not generate new unique reagents.

Data and code availability

d The raw sequence data generated in this paper were deposited in the Genome Sequence Archive

(GSA)127 of the National Genomics Data Center,128 Beijing Institute of Genomics (China National Center

for Bioinformation), Chinese Academy of Sciences, and are publicly available as of the date of publica-

tion. Accession numbers are listed in the key resources table. All genome sequence data and annotation

files generated in this paper are available at Mendeley Data: https://data.mendeley.com/datasets/

6gn4kf77zm/1, and are publicly available as of the date of publication. The DOI is listed in the key re-

sources table. Existing, publicly available data has been used in this study. Their accession numbers

or websites have been listed in the key resources table.

d Codes, bioinformatic program commands, and key intermediate files are available via Dryad: https://

datadryad.org/stash/share/BATlLeHmrdDiWKzybITI1nATobLm30h8qXbM98yKE4o, and are publicly

available as of the date of publication.129 DOI is listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

This study does not include experiments or subjects.

METHOD DETAILS

Sample collection

The YHSCs were captured in the Yap Trench on 5 June 2017 at 8�3019’’N, 137�3306’’E (5,090 m; no. D149), on

9 June 2017 at 8�305"N, 137�35043"E (6,429 m; no. D150), and on 13 June 2017 at 8�1022"N; 137�50041"E
(6,633 m; no. D152) using the Jiaolong Manned Submarine (Figure 1A and Table S1). Samples were snap

frozen in liquid nitrogen, and transported to our laboratory at Fujian Agriculture and Forestry University,

Fuzhou, Fujian Province, China. The whole body of each individual was grinded to mix all the tissues

together in liquid nitrogen. The tissue homogenate was used for subsequence molecular work. The topo-

graphic base map showing the collection sites in the Yap Trench was drawn using Generic Mapping Tools

(version 6.0)99 based on ETOPO1 bathymetric data.130 We purchased live A. japonicus in Qingdao city,

Shandong Province, China, in April 2020. The Paelopatides sp. 1 and Paelopatides sp. 2 were respectively

collected on 8 August 2006 in North Pacific (34�39000"N, 123�5000"W, 4100 m) and on 4 September 2012 in

Gulf of California (26�21018"N, 110�44045.6"W, 2733 m).24

Sequencing and assembly of the YHSC genome

In this study, the genomic DNA of YHSC no. D152 was sequenced using both single-molecule real-time

(SMRT) sequencing with the Pacific Bioscience (PacBio) Sequel platform and Illumina sequencing with an

Illumina X Ten instrument. For Illumina sequencing, genomic DNA was first extracted using the QIAamp

DNAMini Kit (Qiagen). Genomic DNA purity and quality were checked using a Nano Photometer Spectro-

photometer (Thermo Fisher Scientific) and 1% agarose gel electrophoresis, respectively. Second, DNA

fragmentation was performed using an ultrasonic processor. Each insert fragment was approximately

350 bp long. Terminal repair, base A addition, sequence adapter addition, purification, and PCR amplifi-

cation were performed to prepare a 350-bp library according to the NEB Next� Ultra DNA Library Prep

Kit (NEB, USA). After preliminary quantification using Qubit 2.0 (Invitrogen), the library concentration

was diluted to 1 ng/mL. Library insert size was verified using an Agilent 2100 (Agilent Technologies),

and Q-PCR was performed to ensure that the library concentration was sufficient for sequencing.

Then the library was sequenced using an Illumina HiSeq X Ten. Adapter and low-quality reads were

filtered by trimmomatic (version 0.36)97 with parameters ‘‘TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3

SLIDINGWINDOW:4:15 MINLEN:51’’. The clean reads were used for estimation of genome size, repeat

content and heterozygosity rate by using GenomeScope (version 1.0) with k-mer = 21.98

For PacBio sequencing, genomic DNA was firstly extracted by using the QIAamp DNA Mini Kit (QiaGen)

and assessed by using an Agilent 4200 Bioanalyzer (Agilent Technologies) and agarose gel electropho-

resis. Then G-Tubes (Covaris) and AMPure PB magnetic beads were respectively used to shear 8 mg of
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extracted DNA and concentrate the DNA fragments. SMRTbell libraries were constructed using SMRTbell

Template Prep Kit 1.0 (Pacific Biosciences). The BluePippin system was used to select moleculesR10 kb in

the constructed libraries (Pacific Biosciences). The SMRTbell libraries were sequenced using a Pacific

Bioscience Sequel platform. The raw data were cleaned by removing adaptor sequences, polymerase

reads with length %50 bp, and reads with quality scores %0.8. Canu (version 1.7)101 was used to correct

errors in the subreads. Considering the high heterozygosity rate of YHSC genome, wtdbg2 (version 1.0),

which did not produce obvious artifactual duplications,103,131 was used to assemble the subreads into con-

tigs. Then bwa-mem (version 0.7.17)104 algorithm was used tomap the Illumina clean reads against the con-

tigs, and variants that were considered as sequencing errors were polished using Pilon (version 1.22)106 with

default parameters. Finally, the quality of the assembly was evaluated by mapping the Illumina reads to the

polished contigs by bwa-mem2.105 Themapping rate (Mapped reads divided by total reads) was computed

by samtools (version 1.12).107 We also evaluated genome integrity by BUSCO (version 5.3.0) with eukaryo-

ta_odb10 database.
Elimination of bacterial contamination and redundancy in YHSC genome

The exclusion of bacterial contamination started with the identification of contigs containing bacterial pro-

teins. First, the non-redundant bacterial and deuterostome proteins were retrieved from the NCBI nr data-

base. Then diamond (version 2.0.14)96 was used to query each of YHSC proteins against the bacterial and

deuterostome proteins with an E-value threshold of 1e-5. Taxonomy assignment for each query sequence

was based on the best hits. Exactly, in each best match, the query sequence was assigned to bacteria if the

corresponding subject was bacterial, while assigned to YHSC if the subject was from deuterostome pro-

teins. The contigs withR50% bacterial proteins or no deuterostome proteins were considered as bacterial

sequences and were excluded. Khaper100 was employed to identify and remove redundant sequences from

YHSC genome based on the 209.1 Gb Illumina clean reads with k-mer = 17.
Transcriptome sequencing

The methods of transcriptome sequencing were as follows. Total RNA was extracted from the YHSC using

TRIzol (Invitrogen). mRNA was purified from the total RNA using poly-T oligo-attached magnetic beads.

Sequencing libraries were generated using NEBNext Ultra RNA (NEB). Briefly, first strand cDNA was syn-

thesized using a random hexamer primer and RNase H. Second strand cDNA synthesis was subsequently

performed using buffer, dNTPs, DNA polymerase I and RNase H. The terminal repair, addition of A-tailing

and adapter were implemented according to the manual. The libraries were sequenced on an Illumina

NovaSeq 6000, and 150 bp paired-end reads were generated. The raw data were cleaned by excluding

adaptor sequences and low-quality reads by using Trimmomatic (version 0.36) with parameters

‘‘TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:51’’.
Genome annotation

Coding genes in the YHSC genome were predicted by using GETA (version 1.0) pipeline (https://github.

com/chenlianfu/geta), which incorporates homology-based predictions, ab initio gene predictions, and

transcript evidence according to previous reports.102,132 Exactly, we first built a customized library of repet-

itive sequences in this genome by RepeatModeler program (version 2.1). This library was further subject to

RepeatMasker (version 4.0.7) program to predict a full set of repetitive sequences and also generated a

repeat-masked genome with repetitive sequences replaced with Ns. Then RNA-seq reads were trimmed

and cleaned using Trimomatic program and aligned against the genome by HiSat2 (version 2.1.0)133

with default parameters. Transcripts were extracted based on the BAM alignments by the sam2transfrag

program implanted in the GETA pipeline. And ORFs were predicted by Trans-Decoder (https://github.

com/TransDecoder/TransDecoder). We next applied the AUGUSTUS (version 3.2.2) program134 to itera-

tively train gene models using the high-quality transcripts aforementioned. In addition, the homology-

based annotation was performed based on the alignment of homolgous proteins from A. japonicus,

S. purpuratus, A. planci, S. kowalevskii, Helobdella robusta, and branchiostoma floridae to YHSC genome

using TBLASTN in NCBI-Blast+ (version 2.6.0),109 followed by prediction of exact gene structures by using

Gene-Wise (version 2.4.1)135 based on the blast hits. The final gene set was incorporated by paraCombine-

GeneModels program in the GETA pipeline. The settings for those tools refer to the ‘‘conf_for_big_geno-

me.txt’’ file, at ‘‘https://github.com/chenlianfu/geta/blob/master/conf_for_big_genome.txt’’. The func-

tions of putative protein-coding genes were annotated by using eggno-emapper (version 0.12.7),108

which integrates information from both precomputed orthologous groups and phylogenies in the eggnog
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database,108 and also annotated by diamond (version 2.6.0) against the nr database. The KEGG Automatic

Annotation Server (KASS) (version 2.1)110 was used to identify pathway information.

Phylogenetic position of the YHSC

To determine the phylogenetic placement of the YHSC, the barcode regions of three nuclear genes (18S

rRNA, 28S rRNA, andH3) and twomitochondrial genes (16S rRNA andCOI) in the YHSC genome were used

to query the NCBI nt database using BLASTn.136 Next, available 18S rRNA, 28S rRNA, H3, 16S rRNA, and

COI sequences for extant Holothuroidea were downloaded from GenBank (Table S9). Multigene phylog-

enies of extant Holothuroidea, including the YHSC, were then reconstructed based on the three nuclear

genes or the two mitochondrial genes using Phylosuite (version 1.2.1).111 In detail, the nucleotide se-

quences of each gene from all species were aligned using mafft (version 7.453).112 The aligned sequences

of the three nuclear genes were concatenated using the ‘‘Concatenate Sequence’’ program in Phylosuite,

as were those of the two mitochondrial genes. The best-fit partitioning schemes and models of evolution

were selected based on the results of partitionFinder2137 in Phylosuite, and phylogenies were inferred us-

ing MrBayes138 in Phylosuite with default settings. Phylogenetic clusters were identified based on a recent

revision of the extant Holothuroidea.24

The divergence between the YHSC and the seven species that are most closely related to the YHSC in the

Paelopatides, Bathyplotes, and Apostichopus according to Figure 1B was calculated based on the COI bar-

code sequences using the model of Kimura 2-parameter distance (K2P)139 in mega (version 7.0)113 as pre-

viously reported.25 The COI barcodes of YHSC Paelopatides sp. 1, Paelopatides sp. 2, A. japonicus, Apos-

tichopus californicus, Apostichopus parvimensis, Bathyplotes sp. 1, and Bathyplotes sp. 2 (GenBank

accession numbers are given in Table S9) were first aligned by the muscle program in mega (version

7.0).113 Then, the aligned sequences were used to calculate genetic divergence between the YHSC and

seven other species using K2P.139

Inference of whole genome duplications from ks distributions

Whole genome duplication in YHSC genome was inferred from the whole paranome Ks distributions for

A. japonicus and YHSC together with the Ks distribution of their one-to-one orthologs by using wgd

(version 1.1).31 Firstly, the Ks distributions of paralogous gene families and one-to-one orthologs were per-

formed by ‘‘wgd dmd’’ and ‘‘wgd ksd’’ commands. The ‘‘bokeh serve & wgd viz -i -ks’’ commands were used

to interactively visualize the Ks distributions of the paralogous gene families and the Ks distributions of

one-to-one orthologs together.

Evolution of gene families in the YHSC

Although we attempted to collect genomic data for species closely related to the YHSC, a lack of appro-

priate data meant that we were limited to four echinoderm genomes: A. japonicus, S. purpuratus, and two

geographically separated populations of A. planci (Okinawa, Japan and the Great Barrier Reef, Australia).

We also included two additional invertebrate genomes: D. melanogaster and S. kowalevskii (sequence

sources given in the key resources table).

Functional domains in the protein sequences from the seven genomes were annotated using pfam (version

31.0)114 with default parameters, which uses the HMM scanning method to classify gene families. We

compared domain numbers across the species analyzed. We considered domains with z scores >1.96

and more than 5 members in the YHSC genome to be expanded ones, following Wang et al.16 To identify

expanded genes in expanded domains, protein sequences with the same domain of interest were aligned

using mafft (version 7.453),112 and the resulting alignment was used for phylogenetic tree construction by

FastTree (2.1.11)115 with default parameters. Genes with a z scores >1.96 and no less than 4 copies in YHSC

genome were regarded as expanded ones.

Additionally, CAFE (version 4.2)34,35,140 was used to evaluate the expansion and contraction of gene fam-

ilies in the YHSC genome comparedwith the other six genomes. CAFE infers themost likely the size of gene

families at all internal nodes and identifies gene families with an accelerated rate of gain or loss using the

size of gene families and an ultrametric tree as inputs.34 This analysis had four main steps. First, gene

numbers in gene families across the seven genomes were calculated, and a species tree was constructed

using OrthoFinder (version 2.3.8)116 with a ‘‘-m msa’’ parameter. Gene families with R200 members in any

single species were excluded from further analysis.16 Second, an ultrametric tree was constructed using
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MCMCTree in the PAML package (version 4.9)117, and three soft calibration bounds were set based on

timetree141: A. planci-A. japonicus: 450–605 Ma; S. purpuratus-S. kowalevskii: 535–763 Ma; and

A. japonicus-D. melanogaster: 643–850Ma. Third, CAFE (version 4.2)34,35 was used to identify gene families

with accelerated rates of gain and loss. Gene families for which the p value of the YHSC branch was <0.01

were defined as significantly expanded or contracted, following a previous study.142 Fourth, the numbers of

gene families that had undergone expansions or contractions were plotted on the phylogenetic tree

following a previous study.34
Positive selection analysis

Due to the lack of genomic data of Holothuroidea, we attempted to include transcriptome data from

this taxon in PSG identification in the YHSC genome. First, we conducted de novo assembly and func-

tional annotation of the transcriptome from 6 species (as much as we could collect), including Holothu-

ria leucospilota (NCBI Accession: DRR023763), Parastichopus californicus (SRR1695477), Stichopus

chloronotus (SRR2846098), Synallactes chuni (SRR2895367), P. parvimensis (SRR2484238) and Stichopus

horrens (SRR11535195) according to previous methods.9 Briefly, Fastp (version 0.20.1)119 was used to

remove adaptors and low-quality reads. The clean reads were utilized for de novo assembly by Trinity

(version 2.1.1).118 RSEM (version 1.3.1)120 was performed to quantify the transcripts, and only the iso-

form for a gene with the highest abundance was retained. CD-HIT-EST (version 4.8.1)121 was employed

to remove transcripts with a similarity over 95%, and transcripts less than 200 bp were also excluded

from further analysis. BUSCO (version 5.3.0, metazoa_odb10)122 was used to evaluate the completeness

of the transcripts. Species with a complete BUSCO less than 90% were excluded, which means that

only P. parvimensis and Stichopus horrens were used for further analysis (Table S16). Trans-Decoder

(version 5.5.0)123 was used to predict coding regions by integrating the results of a BLAST search

against the SWISS-PROT database and a Pfam search against the PFAM-A database into coding region

selection.

Considering the completeness of the assembled transcripts, we selected transcripts from P. parvimensis,

Stichopus horrens, YHSC and A. japonicus (Table S16) for PSG identification in the YHSC. Briefly, single-

copy orthologs and phylogenetic relationships of the four species were inferred by OrthoFinder (version

2.3.8).116 The single-copy orthologs were aligned by ParaAT (version 2.0) with the ‘‘-g’’ and ‘‘-m mafft’’ op-

tions. CallCodeml (https://github.com/byemaxx/callCodeml), which calls Codeml143 to calculate positive

selection in the site-branch model in bulk and to determine the p value with the chi-squared test, was

used to calculate the selection pressure of the ‘‘foreground’’ phylogeny (YHSC branch). The p values

were corrected by multiple testing correction.144 Genes with a corrected p value < 0.05 and with Bayesian

empirical Bayes (BEB) sites >0.9 were considered PSGs. To study the convergent sequence evolution for

hadal adaptation, we also calculated the selection pressure of P. swirei in the Mariana Trench using

P. swirei as the foreground phylogeny and three closely related shallow-sea species according to a previous

report,16 including P. olivaceus,G. aculeatus and Liparis tanakae, as the background phylogeny. The down-

loaded website of their genome and annotation file are shown in the key resources table. The methods

were the same as those for PSG identification in the YHSC genome. The same gene that underwent positive

selection in both of the two distantly related taxa was considered as convergent evolution, referring to pre-

vious reports.145–147
Identification of repeat elements in the YHSC genome

We compared the abundance of repeated elements in the YHSC genome with those in another four echi-

noderm genomes namely A. japonicus, S. purpuratus, A. planci (Okinawa), A. planci (Great Barrier Reef).

De novo prediction was used to identify repeat elements in these genomes. First, a custom library of

transposable elements was constructed for each species using the RepeatModeler pipeline (version

2.01).124 Repeats were then predicted based on the libraries using RepeatMasker (version 4.1.0).125

Tandem repeats were predicted using Tandem Repeats Finder (version 4.0.9).126
Fatty acid profiles in phospholipids

To explore adaptive changes in cell membrane components in response to increased hydrostatic pressure,

various fatty acids (C6–C24) in phospholipids from the three YHSCs (D149, D150, and D152) and six

A. japonicus were analyzed using gas chromatography-mass spectrometry (GC-MS). Due to sample defi-

ciency, each individual was only measured once.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Significant differences in the relative abundance of each fatty acid between the YHSC and A. japonicus

were identified by using a two-tailed t test as implemented in Microsoft Excel 2019. p values < 0.05 were

considered significant. Graphical representations of the data were designed using GraphPad Prism 5.0.

Data were presented as the means G SEM. The threshold setting for the diamond program was

E-value < 1e-5. The cutoff for expanded domains was z scores >1.96 and >5 members in the YHSC

genome,16 while the cutoff for expanded genes was z scores >1.96 and R4 copies in YHSC genome.

For PSG identification, genes with a corrected p value < 0.05 and Bayesian empirical Bayes (BEB) sites

>0.9 were considered PSGs. The changes of gene families were inferred by cafe, the ones with p value

of the YHSC branch <0.01 were defined as significantly expanded or contracted gene families, following

the previous study.34
ADDITIONAL RESOURCES

This study does not include additional resources.
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